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Nanoconﬁnement of pyrene in mesostructured
silica nanoparticles for trace detection of TNT in
the aqueous phase†
Pinar Beyazkilic,a,b Adem Yildirima,b and Mehmet Bayindir*a,b,c
This article describes the preparation of pyrene conﬁned mesostructured silica nanoparticles for the trace
detection of trinitrotoluene (TNT) in the aqueous phase. Pyrene conﬁned mesostructured silica nanoparti-
cles were prepared using a facile one-pot method where pyrene molecules were ﬁrst encapsulated in the
hydrophobic parts of cetyltrimethylammonium micelles and then silica polymerized around these
micelles. The resulting hybrid particles have sizes of around 75 nm with fairly good size distribution. Also,
they are highly dispersible and colloidally stable in water. More importantly, they exhibit bright and highly
stable pyrene excimer emission. We demonstrated that excimer emission of the particles exhibits a rapid,
sensitive and visual quenching response against TNT. The detection limit for TNT was determined to be
12 nM. Furthermore, excimer emission of pyrene shows signiﬁcantly high selectivity for TNT.
Introduction
Contamination of water resources by nitroaromatic explosives,
particularly trinitrotoluene (TNT), is a major global concern
because these molecules are highly toxic to biological organ-
isms.1,2 Therefore, sensitive and selective detection of nitro-
aromatic explosives in water has attracted a great deal of
interest in recent years.3,4 Currently employed methods for
their detection include ion mobility spectroscopy (IMS), mass
spectrometry, gas chromatography (GC), and infrared absorp-
tion spectroscopy.4,5–8 Although these methods are usually
sensitive, development of simple and handheld techniques
such as fluorescence based systems (consisting of a simple
UV lamp and a fluorescent probe) has attracted a great deal
of interest due to their portability and ease of use.
For instance, using quantum dots,9–11 fluorescent dyes,12–14
metal organic frameworks (MOFs),15–17 and conjugated poly-
mers,18–21 nitroaromatic molecules were detected in the
aqueous phase. However, these methods generally have some
drawbacks such as high detection limit, interference from
non-nitroaromatic compounds, laborious and costly synthesis
and poor stability of fluorescent probes under the atmospheric
conditions. Therefore, facile and cost-eﬀective development of
robust nitro-explosive sensing platforms with good sensitivity
and selectivity is still needed.
In this context, we report the preparation of pyrene con-
fined mesostructured silica nanoparticles for rapid and
reliable detection of TNT in water. It is well known that fluore-
scence of pyrene (a π-conjugated fluorophore with high
quantum yield and long lifetime) is quenched by nitro-
aromatic explosives through photoinduced electron transfer
(PET).22,23 Particularly, excimer emission of pyrene, which is
observed in the presence of π–π* stacking interaction between
the excited and ground state pyrene molecules, is very
sensitive towards nitroaromatics. Recently, we and others used
pyrene excimer fluorescence for the detection of nitroaromatic
molecules utilizing nanomaterials that contain chemically
attached or more simply physically encapsulated pyrene
molecules.14,24–32 However, most of these studies aimed
to detect nitroaromatic explosives in the vapour phase or in
organic solvents and studies for the determination of nitro-
aromatic explosive contaminated water are very rare.26–29 In
addition, for the materials with pyrene excimer emission, the
detection limit in the aqueous phase is generally poor (at the
µM level).26–28 Herein, we demonstrated the trace (nM level)
detection of TNT in the aqueous phase using pyrene
confined mesostructured silica nanoparticles. In order to
confine pyrene molecules in mesostructured silica nano-
particles, we firstly dissolved hydrophobic pyrene molecules in
water using the cetyltrimethylammonium bromide (CTAB)
surfactant. Pyrene molecules were encapsulated in the hydro-
phobic inner parts of the rod-shaped surfactant micelles.
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Then, we polymerized a silica precursor (tetraethyl orthosili-
cate, TEOS) around these micelles under basic conditions to
obtain organic–inorganic hybrid nanoparticles that contain
confined pyrene molecules inside their 2–3 nm sized MCM-41
type mesostructures. It is important to note that although
similar surfactant assisted methods to load water-soluble dyes
(e.g. R6G) into the pores of MCM-41 type MSNs have been
reported,33,34 in this study surfactant assisted loading of a
water-insoluble molecule into the pores of MCM-41 type MSNs
is reported, to our knowledge, for the first time. Nano-confine-
ment of pyrene inside these mesostructures resulted in a
bright and visible excimer emission. Recently, we reported that
excimer emission of the pyrene doped materials can easily
diminish in the course of time due to the dissociation of close
proximity pyrene molecules.24 To our surprise, we observed
that pyrene excimer emission of these hybrid nanoparticles is
stable for at least six months.
We studied the TNT sensing performance of the nanoparti-
cles in water for the TNT concentration varying from 10 nM to
10 µM based on the quenching of excimer emission. We
observed that the quenching of excimer emission is very selec-
tive and sensitive to TNT. In addition, emission quenching can
be visually observed under UV-light enabling the naked-eye
detection of TNT contaminated water. Pyrene confined meso-
structured silica particles with their easy synthesis, high stabi-
lity, high sensitivity and cost-eﬀectiveness can be potentially
used for the detection of TNT contaminated water.
Experimental section
Materials
Tetraethyl orthosilicate (TEOS), chloroform, and sodium
hydroxide were purchased from Merck (Germany). Pluronic®
F127, cetyltrimethylammoniumbromide (CTAB) and pyrene
were purchased from Sigma-Aldrich (USA). All chemicals were
used as received without any purification.
Synthesis of pyrene confined mesostructured silica
nanoparticles
Pyrene confined mesostructured silica nanoparticles (pMSNs)
were synthesized by slightly modifying the common MCM-41
type MSN synthesis methods.35–39 Certain amounts of pyrene
(6, 12, 22, and 40 mg) were dissolved in 500 µL of chloroform
and 200 mg of CTAB was dissolved in 30 mL of deionized
water. Then, pyrene solution was added to the CTAB solution
and the mixture was stirred at 60 °C for 20 min. During
stirring, chloroform evaporated and pyrene homogeneously
dispersed in the CTAB solution. For the reaction mixture,
20 mg of F127 was dissolved in 66 mL of deionized water and
0.7 mL of 2.0 M sodium hydroxide solution was added. CTAB
solution was added to the reaction mixture, and the mixture
was heated to 80 °C. Then, 1 mL of TEOS was rapidly added
under stirring at 600 rpm. The reaction mixture was refluxed
for 2 h. Finally, the particles were collected by centrifugation
at 9000 rpm for 20 min and washed with deionized water
twice. Then, particles were dispersed in 80 mL of deionized
water. The final particle concentration in the dispersion was
5.1 mg mL−1.
Characterization of nanoparticles
The structure of pMSNs was investigated using a transmission
electron microscope (TEM) (Tecnai G2-F30, FEI) and a scan-
ning electron microscope (SEM) (Quanta 200 FEG, FEI).
The absorption spectrum of pMSNs was recorded using a
UV-Visible spectrophotometer (Cary 100, Varian). Fluorescence
spectra of pMSNs were recorded using a fluorescence spectro-
photometer (Cary Eclipse, Varian). Visual TNT detection experi-
ments were performed using a UV inspection cabinet (Camag)
with a UV lamp at 366 nm wavelength. Size distribution
and the zeta potential of the nanoparticles were analysed
using a zetasizer (Malvern Instruments).
Fluorescence quenching experiments
Fluorescence quenching based sensing experiments were
performed in a quartz cuvette. 3 mL of 0.020 mg mL−1 pMSN
dispersions were used for each sensing measurement. The
fluorescence spectrum of pMSN dispersion was recorded
before analyte addition (excitation wavelength was 340 nm).
Then, TNT aqueous solutions were added in order to adjust
the TNT concentrations between 10 nM and 10 µM and then,
the fluorescence spectrum of the dispersion was recorded
again. Selectivity experiments were performed using aqueous
solutions of trinitrotoluene, dinitrotoluene, nitrobenzene,
benzoic acid, aniline, chloroform, methanol, hydrochloric
acid, sodium hydroxide, and sodium chloride. The final
concentration of all interfering analytes was 10.0 µM in the
fluorescence assay.
Results and discussion
pMSNs were synthesized via polymerization of the TEOS
monomer in the presence of the CTAB surfactant under basic
conditions. Basic conditions prevent the complete hydration
of TEOS and increase the residual ethoxy groups to promote
the self-assembly of negatively charged silicates with positively
charged cetyltrimethylammonium (CTA) micelles.40 Therefore,
the ordered mesostructure was formed through the self-
assembly of CTA micelles and silicates. Pyrene was added to
the reaction mixture before the polymerization of silica and
encapsulated by the hydrophobic parts of the CTA micelles
(Fig. 1). Therefore, CTA micelles performed as both the
templating agent for the formation of mesostructures and
nanocontainers for pyrene confinement. In addition, we used
a second surfactant (a pluronic block copolymer, F127) in
order to prevent particle aggregation during the synthesis and
to provide colloidal stability to the particles (Fig. 1).41
Fig. 2 shows TEM and SEM images of the pMSNs prepared
using 40 mg of pyrene. pMSNs have mesostructures with sizes
of approximately 2–3 nm. pMSNs are spherical in shape and
their average particle size is 74 ± 9 nm (Fig. 2a). Also, the par-
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ticle size distribution of pMSNs is fairly narrow (Fig. 2b). In
addition, we synthesized pMSNs using diﬀerent amounts of
pyrene: 6, 12, and 22 mg. We observed that the pyrene con-
centration significantly aﬀects the size and shape of the silica
nanoparticles. For instance, pMSNs prepared using 6 and
22 mg of pyrene have rod-like shapes with high polydispersity.
Furthermore, pMSNs prepared using 12 mg of pyrene were
interconnected during the synthesis which may cause poor
colloidal stability in water (Fig. S1, ESI†).
Fig. 3 shows the UV-Visible absorption and fluorescence
spectra of pMSNs prepared using 40 mg of pyrene. Three indi-
vidual peaks at 304, 321, and 336 nm in the UV-Visible spec-
trum are the absorption bands of pyrene.42 The emission
bands around 370–400 nm in the fluorescence spectrum corres-
pond to the monomer emission which is formed by the relax-
ation of the singlet excited pyrene.42 The broad emission peak
centred at 475 nm, on the other hand, is the excimer emission
that occurs when an excited state pyrene makes the π–π* stack-
ing interaction with a ground state pyrene.43 A high excimer
emission intensity to monomer emission intensity (Iexc/Imon)
ratio (2.2) was observed for these nanoparticles (calculated
using the intensities at 394 nm and 475 nm for the monomer
and excimer emission, respectively). Iexc/Imon ratios were deter-
mined to be 0.4, 0.8, and 1.8 for the pMSNs prepared using
6 mg, 12 mg, and 22 mg of pyrene, respectively (Fig. S2, ESI†).
Since more pyrene molecules form more dimers through
π-interaction, the excimer emission intensity and Iexc/Imon
ratios increased with increasing pyrene concentration. Accord-
ingly, we used pMSNs prepared using 40 mg of pyrene in
the rest of the study owing to their more uniformly distributed
particle size and higher Iexc/Imon ratio.
To determine the amount of pyrene that was encapsulated
in pMSNs, we extracted pyrene using tetrahydrofuran (THF)
and measured the absorption of the extracted pyrene using a
UV-Visible absorption spectrophotometer. The pyrene content
in the particles was calculated to be 0.038 mg mg−1 of pMSNs.
Considering that the total amount of synthesized pMSNs was
410 mg, it can be calculated that almost 40% of pyrene used in
the synthesis was encapsulated in the nanoparticles. Leakage
of pyrene from CTA micelles of the mesostructured silica may
Fig. 1 Schematic representation for the formation of pMSNs. Pyrene is conﬁned in CTA micelles through hydrophobic–hydrophobic interactions.
After the addition of TEOS, silica grows around the self-assembled pyrene conﬁned CTA micelles. F127 pluronic polymer prevents particle aggrega-
tion during the silica growth.
Fig. 2 Morphology of pMSNs. (a) TEM and (b) SEM images of the
pMSNs prepared using 40 mg of pyrene indicating the uniform size and
shape distribution of the nanoparticles.
Fig. 3 UV-Visible absorption spectrum (blue) and ﬂuorescence emis-
sion spectrum (red) (excitation wavelength was 340 nm) of pMSNs pre-
pared using 40 mg of pyrene. Three peaks observed at 304, 321, and
336 nm are the absorption bands of pyrene. The peaks at 370–400 nm
are the monomer emission of pyrene. The broad emission band centred
at 475 nm is the excimer emission.
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cause decay of the excimer emission due to decreasing pyrene
concentration in the pMSNs. To check the confinement stabi-
lity of pyrene in the mesostructure, we centrifuged the pMSN
dispersion (stored for six months under ambient conditions)
and measured the emission of the supernatant. There was
almost no emission signal in the supernatant indicating the
stability of pyrene confined micelles inside the mesostructured
silica nanoparticles (Fig. S3, ESI†). More importantly, after
six months, pMSNs exhibited a bright excimer emission
similar to that of the as-prepared particles (Fig. S4, ESI†). Also,
the Iexc/Imon ratio of the stored pMSNs was calculated to be 2.0
suggesting the long-term storability of these nanoparticles
(inset in Fig. S4, ESI†).
The particle size distribution of pMSNs in water was deter-
mined using the dynamic light scattering (DLS) technique.
The average particle size was measured to be 84.8 nm (Fig. 4),
which is very close to the size calculated from the TEM
images, indicating the good dispersibility of the nanoparticles
in water. Furthermore, the zeta potential of the pMSNs was
measured to characterize their surface charge. The surface of
the pMSNs was found to be positively charged with a zeta
potential of 33.8 mV which can be attributed to the positively
charged CTA micelles. Besides dispersibility, colloidal stability
of the nanoparticles is very important for reliable and repeata-
ble fluorescence measurements. To investigate the stability
of the particles, we measured the time-dependent size distri-
bution of the pMSNs. The average particle size remained
almost constant for at least 1.5 h which is far longer than the
duration of a single sensing measurement (inset in Fig. 4).
pMSNs exhibit strong excimer emission in the absence of
TNT molecules. When TNT binds to pyrene through the π–π*
interaction, emission of pyrene is quenched through photo-
induced electron transfer (PET) from an excited pyrene mole-
cule to TNT.23 To investigate the TNT sensing performance
of the pMSNs, we recorded fluorescence spectra of pMSN dis-
persion before and after the addition of TNT with concen-
trations ranging from 10 nM to 10 µM. Both monomer and
excimer emission intensities of pyrene were quenched gradu-
ally with increasing TNT concentration (Fig. 5a). After the
addition of 10 µM of TNT, excimer emission was completely
quenched, on the other hand, significant monomer emission
still can be observed. Fig. 5b shows the rapid quenching of the
excimer emission upon addition of 500 nM of TNT. Excimer
emission quenching reaches its maximum within only 45
seconds and remains constant up to five minutes. It is impor-
tant to note that in the absence of TNT, excimer emission is
constant within the same time interval (Fig. 5b).
Fig. 6a shows quenching eﬃciencies of the excimer and
monomer emission of pMSNs depending on the TNT concen-
tration. The quenching eﬃciency of the excimer emission at
475 nm was 3.1% for 10 nM of TNT and reached 67.2% and
98.9% when 1.0 µM and 10 µM of TNT were added, respecti-
vely. On the other hand, for all concentrations, the quenching
eﬃciency of the monomer emission at 394 nm was lower than
that of the excimer emission which indicates the higher sensi-
tivity of the excimer emission against TNT (Fig. 6a). Fig. 6b
shows the exponential fit to quenching data in the range from
Fig. 5 (a) Fluorescence emission spectra of the pMSNs with increasing
TNT concentrations. Excitation wavelength was set at 340 nm for the
measurements. (b) Time-dependent excimer emission intensity of the
pMSNs in the absence and in the presence of 500 nM of TNT.
Fig. 4 Particle size distribution of the pMSNs measured using the
dynamic light scattering technique. The inset shows the average particle
size of pMSNs with respect to time.
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10 nM to 1.0 µM (regression constant is 0.990). Using this
calibration curve, we calculated the practical detection limit of
the fluorescent sensor to be 12 nM against TNT. According
to the Environmental Protection Agency (EPA) report, the
required detection threshold for TNT in tap water is approxi-
mately 10 nM. The calculated detection limit of pMSNs
for TNT is very close to that reported by EPA suggesting the
suitability of pMSNs for real-world applications.
In addition to the higher quenching eﬃciency of excimer
emission, its bright blue colour enables the naked-eye detec-
tion of TNT. Accordingly, we performed visual detection experi-
ments for 0.4 µM, 1.0 µM, 4.0 µM, and 8.0 µM of TNT under
UV light (λex = 366 nm) illumination. Excimer fluorescence of
pMSN dispersion was very intense before the addition of TNT
(Fig. 7). After the addition of 0.4 µM of TNT, which was found
to quench the emission by 44.1% based on the fluorescence
spectroscopy measurements, reduction in the emission inten-
sity of pMSNs was visually observed under UV light. The emis-
sion intensity was further quenched with the increasing TNT
concentration and almost no emission was observed under UV
light with the addition of 8.0 µM of TNT (Fig. 7).
To demonstrate the selectivity of pMSNs against TNT,
we measured the fluorescence of pMSNs after the addition of
10.0 µM aqueous solutions of various aromatic and non-
aromatic substances. Fig. 8 shows the quenching eﬃciencies
of excimer emission observed for the tested analytes. The
quenching eﬃciency for TNT was 98.9% whereas quenching
eﬃciencies for other nitroaromatic compounds were 40.0%
and 25.0% for dinitrotoluene (DNT) and nitrobenzene (NB),
respectively. On the other hand, chloroform, sodium hydrox-
ide, benzoic acid, aniline, sodium chloride, methanol, and
hydrochloric acid did not quench excimer emission signifi-
cantly indicating the sensitivity of the excimer emission for
nitroaromatic explosives. Lower quenching eﬃciencies for
DNT and NB compared to that for TNT were due to their fewer
nitro (NO2) groups: DNT has two NO2 groups and NB has one
NO2 group. Since the driving force for the electron transfer is
Fig. 6 (a) Quenching eﬃciencies of the pMSNs depending on the TNT
concentration based on the excimer emission (at 475 nm) and monomer
emission (at 394 nm). (b) Calibration curve for the TNT concentration in
the range from 10 nM to 1.0 µM.
Fig. 7 Optical photographs of pMSN dispersions under UV-light before
and after the addition of 0.4 µM, 1.0 µM, 4.0 µM, and 8.0 µM of TNT.
Quenching of the excimer emission is clearly visible with the increasing
TNT concentration.
Fig. 8 Fluorescence quenching eﬃciencies of excimer emission for
10.0 µM aqueous solutions of various analytes (TNT: trinitrotoluene,
DNT: dinitrotoluene, NB: nitrobenzene, Ch: chloroform, NaOH: sodium
hydroxide, BA: benzoic acid, Ani: aniline, NaCl: sodium chloride, Met:
methanol, and HCl: hydrochloric acid).
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low reduction potential, TNT with its three NO2 groups has the
lowest reduction potential and higher electron accepting
ability.8,44 Therefore, excimer emission was quenched more in
the presence of TNT compared to DNT and NB under the same
conditions.
Conclusions
In this paper, we report a facile and low-cost method to
prepare pyrene confined mesostructured silica nanoparticles
(pMSNs) for sensitive detection of TNT in water. Pyrene was
encapsulated in the mesostructured nanoparticles through
hydrophobic–hydrophobic interactions between the templat-
ing agent CTA micelles and pyrene molecules during the
particle growth. The resulting spherical organic–inorganic
hybrid nanoparticles have fairly uniform size distribution and
good colloidal stability in water. More importantly, bright and
visible pyrene excimer emission was observed for pMSNs
which is stable for at least six months. Excimer emission of
the pMSNs exhibits a rapid quenching against TNT. A practical
detection limit of 12 nM was achieved for TNT in water which
is very close to the maximum allowable concentration of TNT
(determined by EPA) in tap water (10 nM). Nevertheless,
further studies may be needed to improve the sensitivity of the
proposed method and make it more suitable for real-world
applications. Furthermore, quenching of the excimer emission
is visually observed under UV-light suggesting the naked-eye
detection of TNT at the submicromolar level. In addition,
excimer emission quenching of pMSNs shows a high selectivity
for TNT. We believe that our pyrene confined mesostructured
silica nanoparticles hold a significant potential for rapid and
reliable detection of nitro-explosive contaminated water with
their simple synthesis, sensitivity, and selectivity.
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